Objectives This study examined the temporal relationship between physical activity, fluid intake, and daily pain in children with sickle cell disease (SCD) with frequent pain. Methods A total of 30 African American children (M age ¼ 13.9; 53% female; 76.3% type SS) who reported pain more than or equal to once every 2 weeks and their parents completed measures of pain and anxiety/depressive symptoms. Children then completed a daily pain diary and wore a physical activity Actiwatch for 14 days at home. Results Contrary to physiological theory-based hypotheses, lower physical activity was associated with greater pain during the same day and the next day. Less pain was associated with greater physical activity the next day. There was no relationship between selfreported home fluid intake and daily pain (p's < .05). Conclusions Results lend support for a complex bidirectional relationship between physical activity and daily pain in pediatric SCD, and identify physical activity as a target for future research.
Sickle cell disease (SCD) results from a single genetic mutation, leading to sickling of red blood cells from local hypoxia and vaso-occlusive pain episodes (Davis, Mashegu, & Majumdar, 2015) . Pain is a hallmark symptom that occurs frequently in children with SCD and often leads to psychosocial disruption or hospitalization (Barakat, Lash, Lutz, & Nicolaou, 2006; Palermo, Schwartz, Drotar, & McGowan, 2002) . Children with SCD who experience frequent pain tend to have increased anxiety and depression, decreased physical mobility, and greater functional disability (Peterson & Palermo, 2004; Unal, Toros, Kü tü k, & Uyaniker, 2011; Zempsky et al., 2013) . Two nonpharmacological strategies traditionally recommended to help manage SCD pain at home and minimize the likelihood of vaso-occlusive pain complications include limiting physical activity to prevent hypoxia and rehydration/staying well hydrated to prevent dehydration (National Health Institute [NIH] , Division of Blood Diseases and Resources, 2002; Okomo & Meremikwu, 2015; Tewari, Brousse, Piel, Menzel, & Rees, 2015) . Physical activity and dehydration are theorized to increase the likelihood of a vaso-occlusive pain crisis through a series of metabolic changes that occur with these physiological states (Connes, Machado, Hue, & Reid, 2011; Tewari, et al., 2015) . Therefore, a more thorough understanding of the temporal relationship between frequent pain, physical activity, and fluid intake may have meaningful clinical implications and help guide nonpharmacological pain management recommendations for children with SCD. Home-based assessment is particularly important in this population, given that most pediatric SCD pain episodes are managed at home (Dampier et al., 2004) . However, thus far, there has been minimal evaluation of nonpharmacological pain management strategies in the home setting.
Past research on physical activity (defined as any type of body movement) and pain in children with SCD has principally examined increased pain as predicting impairments in physical (e.g., sports, walking), social (e.g., activities), and academic (e.g., homework) functioning (Gil et al., 2000; Lewandowski, Palermo, Kirchner, & Drotar, 2009 ). More recent investigation into the biological effects of physical activity and exercise (defined as planned and/or sustained physical activity) has produced somewhat mixed results. For instance, Alvarado et al. (2015) demonstrated that heart rate recovery after maximum exercise was impaired in 60 children with SCD compared with 15 healthy controls. Another study examined the effect of moderate to vigorous exercise on hypoxia in 32 children with SCD and found that 42% experienced postexercise hypoxia but that hypoxia was not correlated with pain crises (Halphen et al., 2014) . Similar to existing physical activity research, investigators have focused on the use of intravenous fluids in the acute pain setting during hospitalization (Reagan, DeBaun, & Frei-Jones, 2011) , while minimal research has investigated the effect of hydration on pain in the home setting. Specifically, a recent Cochrane review concluded that although extra fluids are routinely administered during acute pain crises there have been no controlled trials to evaluate its efficacy for treating acute pain (Okomo & Meremikwu, 2015) . Although these data are limited, such studies advocate further examination of these relationships in pediatric SCD.
Objective laboratory experiments of the relationship between physical activity and theorized mechanisms for SCD pain is useful; however, laboratory experiments do not capture routine daily functioning nor capture typical levels of physical activity (Long, Palermo, & Manees, 2008) . Actigraphy offers a noninvasive means of objectively and continuously capturing physical activity levels during normal daily routines (Long et al., 2008; Puyau, Adolph, Vohra, & Butte, 2002) . Mean and peak physical activity levels have been examined in studies of youth with other chronic pain conditions (e.g., migraines, musculoskeletal pain, abdominal pain) and found to relate to selfreported pain frequency and pain intensity (KashikarZuck et al., 2010; Rabbitts, Holley, Karlson, & Palermo, 2014; Wilson & Palermo, 2012) . Actigraphy measured mean physical activity and peak physical activity levels are furthermore documented to be lower in youth with chronic pain (M mean physical activity ¼ 415 counts/min, SD ¼ 112; M peak physical activity ¼ 2,430 counts/min, SD ¼ 575) compared with healthy controls (M mean physical activity ¼ 515 counts/min, SD ¼ 111; M peak physical activity ¼ 3,561, SD ¼ 921; Long et al., 2008) . Some research supports a bidirectional association between pain and physical activity levels. In a study of youth 12-18 years with chronic pain, greater pain intensity was related to lower peak levels of activity the next day (Rabbitts et al., 2014) . Higher mean activity levels during the day also predicted lower end-of-day pain intensity ratings. It remains to be determined whether a similar bidirectional association is present in children with SCD.
The aim of this study was to examine the temporal and potentially bidirectional relationships between daily physical activity measured by actigraphy, selfreport fluid intake, and self-report pain in children with SCD who experience frequent pain in the home setting. Given that anxiety and depression are often associated with increased pain in pediatric SCD, anxiety/depression was examined and controlled for in this study. In concordance with clinical recommendations to limit physical activity and increase fluid intake to prevent vaso-occlusive pain episodes (Okomo & Meremikwu, 2015; Tewari et al., 2015) , we hypothesized that (1) lower physical activity and higher fluid intake would be associated with less pain reported during the same day, (2) lower physical activity and higher fluid intake today would be associated with less pain reported during the following/next day (next day), and (3) less pain today would be associated with lower physical activity levels during the next day.
Method

Participants
Institutional review board ethics committee approval was granted for this study. Informed consent was obtained from legal guardian participants (parent) and assent from child participants in accordance with state and institutional statutes. A single center, prospective daily diary methodology was used. Study inclusion criteria for child participants were (a) 8-18 years of age, (b) SCD types hemoglobin SS, SC, Sbþ thalassemia, or Sb 0 thalassemia, and (c) frequent pain occurring at least once every 2 weeks (to capture the experience of pain during the 2-week study period and provide adequate variability for statistical analyses; Connelly, Rapoff, Thompson, & Connelly, 2006; Wilson & Palermo, 2012) . Children were excluded if the child had developmental delay or cognitive impairment documented in his/her medical chart.
Participation Rate
One hundred twenty-six African American children with SCD were screened for eligibility between January 2012 and July 2013. Thirty-six children (29%) with frequent pain agreed to participate and were enrolled. Eighty-six children (68%) did not meet inclusion criteria owing to infrequent pain. Other reasons for nonenrollment included: not interested (n ¼ 1), parent not present (n ¼ 1), child with cognitive impairment (n ¼ 1), and child deemed ineligible owing to medical noncompliance (n ¼ 1). Of those enrolled, six participants (5%) were excluded owing to having >60% missing data, not providing any daily diary data, and/or not providing any actigraphy data. This pattern of missing data is likely nonrandom and introduces biased statistical estimations (Dong & Peng, 2013) . There was no significant difference between those excluded owing to missing data and those who completed the study in regard to age, gender, or SCD type (p's > .05). The final sample consisted of 30 child participants and their parent.
Procedures
Potential child participants were identified by a clinic nurse at routine hematology outpatient appointments. Research assistants conducted a brief screening interview and obtained informed consent. Parents and children completed questionnaires listed below. Children were then provided with a 14-day paper daily diary and fitted with a wrist-mounted actigraphy device. A 21-day study period was initially pilot tested with three children with SCD. However, owing to poor adherence, the study period was modified to 14 days. A 14-day study period is shown to provide a large enough measurement window for pain episodes while minimizing adherence concerns observed in longer daily diary studies (Burkhart, Dunbar-Jacob, & Rohay, 2001 ). Children were instructed to complete one diary entry before going to bed (Connelly et al., 2006; Karlson et al., 2013) . Research assistants called families each week to remind children to complete the pain diary and continue wearing the Actiwatch. If families could not be reached, a voice message was left and/or a letter sent as a reminder of study procedures. Daily diaries and Actiwatches were returned in person or via mail at the end of 14 days. No child was hospitalized for pain during the study period. Families received $30 compensation for completing questionnaires and ! 50% of diary and actigraphy days.
Descriptive and Co-Variate Measures Demographics and Medications
Child age, gender, grade in school, parent marital status, parent education, and family income were collected on a parent demographics questionnaire. Parents also reported their child's prescription and over-the-counter medications (NIH, 2002).
Pain Questionnaire
The Pain Questionnaire (Wilson & Palermo, 2012) was completed by parents and children to screen for frequency of pain and to assess typical pain during the past 3 months. Several individual domains of physical pain were reported: (1) frequency (0 ¼ Not at all to 6 ¼ Daily), (2) number of locations of bodily pain, (3) duration (0 ¼ Less than 1 hour to 3 ¼ All day), and (4) pain intensity on an 11-point numeric rating scale (0 ¼ No pain to 10 ¼ Worst pain possible) (von Baeyer, 2009).
Revised Child Anxiety and Depression Scale
The Revised Child Anxiety and Depression Scale (RCADS) is a 47-item child self-report and parent proxy report measure of anxiety and depressive symptoms on a 4-point scale (0 ¼ never to 3 ¼ always; Chorpita, Yim, Moffitt, Umemoto, & Francis, 2000) . Scores are based on gender and grade. The RCADS demonstrates excellent internal consistency in children with SCD (a ¼ .94 ; Carpentier, Elkin, & Starnes, 2009 ). The RCADS total anxiety and depression score was used in this study (a ¼ .95).
Daily Outcome Measures
Pain Pain duration was calculated in minutes based on child report of when their pain started and stopped. Children were asked to rate pain intensity, "How much hurt did you have from your sickle cell pain [today]?" using a visual analog scale ranging from 0 (no pain) to 6 (worst pain; Connelly et al., 2006; von Baeyer & Spagrud, 2007) .
Fluid Intake
Children reported the number of glasses of water, fruit juice, soda, tea, coffee, and other beverages (e.g., milk, sports drink) consumed each day (De Keyzer et al., 2011; Garipa gao glu et al., 2008) . Children were oriented to one "glass" and corresponding fluid ounces through a series of pictures (soda can, drinking glass, water bottle) located at the back of each diary (Bolland, Ward, & Bolland, 1990) , with 1 glass ¼ 12 fluid ounces.
Physical Activity
Objective recordings of daily physical activity were assessed using an Actiwatch 2 (Phillips Respironics, Bend, OR). The watch-like device was worn by children on their nondominant wrist for the 14-day study period. A minimum of 7 actiwatch days was used in this study (Ekblom, Nyberg, Bak, Ekelund, & Marcus, 2012) . Wrist actigraphy has been validated in both healthy adolescents (Ekblom et al., 2012; Puyau et al., 2002) and children with chronic pain (Rabbitts et al., 2014; Wilson & Palermo, 2012) . Movement counts were stored on the device in 1-min epochs. If participants had <7 hr of continuous data in the activity interval, that day's data were excluded owing to high likelihood that the device was removed during the day. Periods of no activity for !30 contiguous minutes were also excluded.
Two actigraphic activity variables were computed using the Actiware 5.59 software package: (1) mean physical activity ¼ mean number of activity counts per 1-min epoch during each daytime wake period and (2) peak physical activity ¼ the highest number of activity counts in a 1-min epoch achieved per daytime wake period. Light physical activity was defined as 50-699 counts/min, moderate physical activity was 700-2,499 counts/min, and vigorous physical activity was !2,500 counts/min (Puyau, Adolph, Vohra, Zakeri, & Butte, 2004) . Daily physical activity levels tended to decrease in older children (r ¼ À.47, p < .01); therefore, age was controlled for in analyses.
Statistical Analyses
Demographic characteristics of the final sample were summarized using descriptive statistics in SPSS 22.0 (Tabachnick & Fidell, 2007) . Random missing child and parent questionnaire items (5.0%) and random missing child daily diary items (pain duration, pain intensity, and fluid intake; 8.9%) were imputed using LISREL 8.71 (Scientific Software International, Inc., Lincolnwood, IL) mean estimate multiple imputation strategy with five iterations. Between-group differences (completers vs. noncompleters and pain days vs. nonpain days) were examined using independent sample t tests for continuous data and chi-squared (v 2 ) test for categorical data. Pearson correlations examined predictor and outcome variables.
Analyses of within-subject changes over time were conducted using maximum likelihood estimation multilevel modeling (MLM) in LISREL 8.71 for continuous outcome variables (Goldstein, 1986) . The date of diary entries was compared with and matched with objective actiwatch dates to maximize integrity of self-report data. Unconditional means models in SPSS 22.0 indicated adequate interindividual variance in primary outcomes for MLM analyses (intraclass correlation coefficients ¼ .39-.78; Sheck & Ma, 2011) . Additionally, unconditional growth models indicated significant individual variance across time for physical activity and fluid intake variables (t's ! 2.07, p's < .05). Missing daily diary and actigraphy days (range: 0-7 days; 3.6%) were handled in MLM analyses, which uses full information maximum likelihood estimation to account for differences in the number of observations (i.e., full days) owing to missing data (Goldstein, 1986; Longford, 1987) . MLM analyses were modeled with 14 days nested within 30 participants. Level 1 variables were those measured on a repeated basis (pain, physical activity, and fluid intake). Variables that were measured once (child age, child gender, and anxiety/depression) contained only between-person variance and were modeled as Level 2 variables. Post hoc power analyses using the two-sided ratio formula of true parameter value to standard error (Snijders, 2005) revealed that the available 394 study days provided >0.80 power for primary Level 1 MLM analyses examining the effects of physical activity and fluid intake on pain severity. The variables of child age, gender, and anxiety/depression symptoms were controlled for in MLM analyses. v 2 assessed model fit and effect size (ES) was calculated as the square root of [t 2/ (df þ t 2 )]. A significance of p < .05 was used. Two general models were computed. The first model was computed to estimate concurrent effects (same-day associations) and the second to estimate lagged effects (next-day associations). Concurrent models were those in which child physical activity or fluid intake (independent variable) was related to pain (dependent variable) during the same day. b 0j represents the conditional mean outcome score (pain). b 1j represents the slop of the predictor criterion variable. The Level 1 and Level 2 equations are as follows:
The lagged effects model was the same as the concurrent effects model except that all of the independent variables were measured at the previous time point the day before (dÀ1). Lagged models tested whether physical activity or fluid intake predicted pain the next day while controlling for the previous value of pain. Thus, the general lagged Level 1 model of pain and physical activity is:
Cross-lagged associations were also tested where the independent variables and dependent variables were reversed. In the cross-lagged analyses, we tested if pain predicted physical activity the next day while controlling for the previous value of physical activity. This model is:
Results
Participant Characteristics
Participant characteristics are shown in Table I . Children reported pain primarily in the legs (27%), head (23%), and back (23%). Daily pain frequency, intensity, and duration were not significantly different for calendar season (winter, spring, summer, fall) or weekend versus weekday (p's > .05). More frequent pain was associated with greater anxiety/depression (r ¼ .31, p < .001). Parent report of pain on the Pain Questionnaire and RCADS-measured anxiety/depression symptoms was highly correlated with child report (r's ¼ .44-.76, p's .02). Child medications included Folic Acid (100%), Hydroxycarbamide (24%), Deferasirox (24%), narcotic/opiod pain medication (83%; e.g., Acetaminophen and Codeine, Oxycodone), over-the-counter pain medication (62%; e.g., Ibuprofen, Acetaminophen), antidepressant (7%; Amitriptyline), and other prescription medication (59%; e.g., Fluticasone Propionate [Advair]). Use of Hydroxycarbamide was associated with less daily pain intensity (r ¼ À.11, p ¼ .03). Nine children (30%) were on chronic transfusion therapy owing to stroke or other SCD complication. Chronic transfusion was correlated with less frequent daily pain (r ¼ À.10, p ¼ .04) and less daily pain intensity (r ¼ À.14, p < .01). Annual family income was <$20,000 (Median ¼ $10,000-$19,999), which is below the U.S. 2014 poverty guideline (U.S. Department of Health and Human Services, 2014).
Daily Pain, Physical Activity, and Fluid Intake: Diary and Actigraphy Data A total of 394 days of diary and actigraphy data were used for analysis, with an average of 13 days (SD ¼ 1.5; range: 7-14 days) per child. Table II shows pain days compared with nonpain days. Children reported pain occurring, on average, on 43% of the 14 study days. Eight children (37%) reported 0-2 pain days, 13 children (43%) had 3-6 pain days, 4 children (13%) had 7-10 pain days, and 5 children (17%) had 11-14 pain days. When pain occurred, children reported moderate pain durations (M ¼ 4 hr, 5 min, SD ¼ 168 min) and moderate pain intensity (M ¼ 3.8, SD ¼ 1.5).
Daily Pain
Daily Physical Activity
Overall, mean physical activity was of light intensity (M ¼ 386 counts/min, SD ¼ 143; 97.7% of days). Overall peak physical activity (M ¼ 2,820 counts/ min, SD ¼ 1,118) was of moderate (42.4% of days) to vigorous intensity (57.4% of days). Children exhibited significantly decreased peak physical activity on pain days compared with nonpain days.
Daily Fluid Intake
On average, children reported drinking seven glasses (SD ¼ 4.4) of fluid a day, with four glasses (SD ¼ 3.6) being water. Children did not report a difference in water or total fluid intake on pain days compared with nonpain days. Post hoc analyses revealed no differences in pain duration, t(145) ¼ À0.04, p ¼ .97, or pain intensity, t(145) ¼ À0.85, p ¼ 0.40, for children who reported low fluid intake ( 3 glasses/day ¼ 1 SD below mean) compared with children who reported high fluid intake (! 11 glasses/day ¼ 1 SD above mean). Note. Nonpain days versus pain days between group comparisons were conducted using independent t tests.
Same Day Associations: Physical Activity, Fluid Intake, and Pain Results of MLM analyses examining same-day associations (see Table III ) were all contrary to hypotheses. same day. Mean physical activity was not associated with pain during the same day (p's > .05). Self-report water and total fluid intake were also not associated with pain during the same day (p's > .05).
Physical Activity and Fluid Intake Predicting NextDay Pain
Results of physical activity and fluid intake predicting next-day pain were also contrary to clinically based hypotheses and are shown in Table IV .09] were associated with higher peak physical activity levels the next day. Pain was not associated with mean physical activity levels the next day.
Discussion
The current study examined the daily temporal relationships between physical activity, self-report fluid Note.
a Predictor variables were run in separate regression models. Covariates included child age, gender, and RCADS child anxiety/depression. b values for pain duration represent how many standard deviations pain duration will change per standard deviation change in the predictor variable (physical activity, fluid intake); b values for pain intensity represent how many standard deviations pain intensity will change per standard deviation change in the predictor variable. Note.
a Predictor variables were run in separate regression models. Covariates included child age, gender, and RCADS child anxiety/depression. b values for pain duration represent how many standard deviations pain duration will change per standard deviation change in the predictor variable (physical activity, fluid intake); b values for pain intensity represent how many standard deviations pain intensity will change per standard deviation change in the predictor variable.
intake, and self-report pain in children with SCD. We controlled for child age, gender, anxiety/depression symptoms, and autoregressive same-day variables in analyses. Overall results indicated that lower levels of physical activity were associated with more pain in this sample, demonstrating small ESs (ES range 0.10-0.18). Specifically, we found that lower peak physical activity was associated with longer pain duration and more intense pain within the same day. Regarding physical activity predicting pain the next day, we found that lower mean physical activity today was associated with longer pain duration and more intense pain the next day. For pain today predicting physical activity the next day, we found that shorter pain duration and less intense pain today was associated with greater peak physical activity levels the next day. Selfreport fluid intake was not associated with pain in any regression models. Overall, results are contrary to previous pediatric SCD clinical recommendations (NIH, 2002) but are consistent with more recent literature in pediatric chronic pain populations.
These results provide preliminary support for a bidirectional relationship between pain and physical activity in children with SCD; however, it is important to note that these results are correlational and do not suggest a causal relationship. It may be the case that children who experience more frequent pain are less likely to be physically active in general, which would explain study findings. This would be consistent with previous research that children with SCD may restrict their activity on days they experience higher pain intensity (Gil et al., 2000; Lewandowski et al., 2009 ). On the other hand, findings are consistent with recent laboratory research demonstrating that exercise-induced hypoxia (Halphen et al., 2014) is not associated with pain in children with SCD. Burgeoning research in pediatric SCD points toward components of central sensitization, pain hypersensitivity, and vulnerable phenotypes (e.g., female gender, pain catastrophizing, emotional stress) maintaining persistent pain in pediatric SCD (Darbari et al., 2014) . As such, frequent or persistent pain (nonvaso-occlusive pain) in children with SCD may be similar to other pediatric chronic pain conditions (Kashikar-Zuck et al., 2010; Rabbitts et al., 2014) and have similar mechanisms of action. Research in non-SCD pediatric pain populations (e.g., abdominal pain, juvenile arthritis, musculoskeletal pain, and migraine headache) demonstrates that modulated muscle strength training and moderate aerobic exercise are effective in reducing pain in children and adolescents (Busch et al., 2013; Cunningham & Kashikar-Zuck, 2013; Varkey, Cider, Carlsson, & Linde, 2011) . Although we cannot infer cause for the observed association between less physical activity and greater pain, current results identify physical activity as a target for future research in pediatric SCD (Bromberg, Schechter, Nurko, Zempsky, & Schanberg, 2014) . This is the first study to examine the relationship between self-report fluid intake and daily pain in the home setting. Although rehydration is clinically indicated for acute vaso-occlusive pain crisis (Meremikwu, 2009; Yawn et al., 2014) , we found no relationship between self-report fluid intake at home and same-day or next-day pain, even at low levels of daily fluid intake. Participants in this study reported an average fluid intake of seven glasses per day, which approximates daily recommendations for males and female youth (U.S. Institute of Medicine, Food and Nutrition Board, 2004) , and may indicate that moderate daily fluid intake is sufficient for most SCD home-based management. Study results may alternatively suggest that the known pathophysiology of vaso-occlusive pain (sickling of red blood cells and local deoxygenation/hypoxia) may not be immediately or directly impacted by daily fluid levels. Research is needed that uses a more objective measure of hydration to examine probable complex physiological processes involving hydration levels and pain in the home setting.
Although there are several strengths to this study such as the use of a repeated measures daily diary and Note. a Predictor variables were run in separate regression models. Covariates included child age, gender, RCADS child anxiety/depression scores, and same-day physical activity level. b values for average physical activity represent how many standard deviations physical activity will change per standard deviation change the expected change in the predictor variable (pain occurrence, pain duration, pain intensity).
objective actigraphy to measure physical activity, there are several limitations that warrant discussion. Foremost is that pain and fluid intake were recorded once at the end of the day using self-report paper diaries. Paper diaries are not time-stamped so children could have completed diary entries at a later time, making diaries subject to reporting bias and possible inaccurate data. The relatively short measurement period (14 days) may also have provided limited power and limited ability to fully capture complex relationships and potential interactions between physical activity, fluid intake, and pain in this population. Future studies would benefit from longer measurement periods, use of electronic with-in day repeated assessment, objective hydration measurement, and examining potential interactions of these variables. In addition, 68% of children approached for this study were not eligible owing to infrequent pain. This study's focus on frequent pain limits the generalizability of results to the broader pediatric SCD population. Finally, despite having a large number of data points and adequate power through the use of daily diary (n ¼ 394), the small sample size (n ¼ 30) and wide age range may further limit generalizability of study findings. Future research would benefit from examining these relationships in developmental subgroups, as well as children with SCD who do not report frequent pain.
In conclusion, current results suggest a complex bidirectional relationship between pain and physical activity levels in children with SCD. Although we cannot draw a causal or temporal relationship from these results, this is the first study to demonstrate that greater physical activity levels do not directly relate to greater pain in pediatric SCD, but may instead relate to less pain. Further research appears warranted to further elucidate these relationships and guide future clinical recommendations for pediatric SCD home-based management.
